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ABSTRACT

Anabundanceof surgical studies during thepast 2 centuries provideempirical evidenceofperiosteum’s
regenerative power for reconstructing tissues as diverse as trachea and bone. This study aimed to de-
velop quantitative, efficacy-based measures, thereby providing translational guidelines for the use of
periosteum to harness the body’s own healing potential and generate target tissues. The current study
quantitatively and qualitatively demonstrated tissue generationmodulated by a periosteumsubstitute
membrane that replicates the structural constituentsofnativeperiosteum(elastin, collagen,progenitor
cells) and its barrier, extracellular, and cellular properties. It shows the potentiationof the periosteum’s
regenerative capacity through the progenitor cells that inhabit the tissue, biological factors intrinsic to
the extracellular matrix of periosteum, and mechanobiological factors related to implant design and
implementation. In contrast to the direct intramembranous bone generated in defects surrounded
by patent periosteum in situ, tissue generation in bone defects bounded by the periosteum substitute
implant occurred primarily via endochondral mechanisms whereby cartilage was first generated and
thenconverted tobone. Inaddition, indefects treatedwiththeperiosteumsubstitute, tissuegeneration
was highest along the major centroidal axis, which is most resistant to prevailing bending loads. Taken
together, these data indicate the possibility of designing modular periosteum substitute implants that
can be tuned for vectorial and spatiotemporal delivery of biological agents and facilitation of target tis-
suegenesis for diverse surgical scenarios and regenerativemedicineapproaches. It alsounderscores the
potential todevelopphysical therapyprotocols tomaximizetissuegenesisvia the implant’smechanoac-
tive properties. STEM CELLS TRANSLATIONAL MEDICINE 2016;5:1739–1749

SIGNIFICANCE

In the past 2 centuries, the periosteum, a niche for stem cells and super-smart biologicalmaterial, has
been used empirically in surgery to repair tissues as diverse as trachea and bone. In the past 25 years,
the number of articles indexed in PubMed for the keywords “periosteumand tissue engineering” and
“periosteumandregenerativemedicine”hasburgeoned. Yet thebiggest limitation to theprescriptive
useofperiosteum is lackof easy access, giving impetus to thedevelopmentof periosteumsubstitutes.
Recent studies have opened up the possibility to bank periosteal tissues (e.g., from the femoral neck
during routine resection for implantation of hip replacements). This study used an interdisciplinary,
quantitative approach to assess tissue genesis in modular periosteum substitute implants, with the
aim to provide translational strategies for regenerative medicine and tissue engineering.

INTRODUCTION

For well over 2 centuries [1–4], surgeons have used
theperiosteum,ahyperelastic soft tissue sheath that
covers all nonarticular bone surfaces, to repair and
regenerate tissue. Surgical applications of perios-
teum include treatment of retinal detachment with
scleral buckle [5]; treatment of cleft lip and palate
[6–12]; dental [13–15] andmuscle hernia [16] repair;
treatment of defects in cartilage [17–24], laryngeal
and tracheal walls [25, 26], and bone [27–29]; and

treatment of fractures in children [30, 31]. Interest
in translating the regenerative capacity of theperios-
teum has burgeoned in recent years (Fig. 1), from
early and growing interest in uses of periosteum in
tissueengineeringduring thepast twodecades to in-
creasing interest in its application to regenerative
medicine. Although the use of native periosteum in
vivo offers a powerful biological tool for surgical
treatment, the amount of available healthy perios-
teum is a limiting factor in its use. This has provided
the impetus for the development of periosteum
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substitutes.Despite recentprogress in the field, there is anacuteneed
for quantitative measures to develop efficacy-based translational
strategies fornativeperiosteumaswell tohaveabaseline for compar-
ison of periosteum substitutes.

Periosteal tissue exhibits remarkable smart properties, includ-
ing direction- and flow rate-dependent permeability [32–34] and
increased failure strength and energy absorption to failure at in-
creased rates of loading [34, 35]. These respective properties con-
trolmolecular traffic betweenmuscle andbone [33, 36] and imbue
bone with paradoxically higher failure strength compared with
bone denuded of periosteum [35]. In addition to its smartmaterial
properties, periosteum serves as a niche for mesenchymal stem
cells throughout life [37–39]. Recent studies have opened the pos-
sibility to banking of periosteal tissues (e.g., from the femoral neck
during its routine resection for implantation of hip replacements
[39]). Yet few quantitative studies have been carried out to deter-
mine how best to use this banked tissue for regenerativemedicine
purposes at a later time in the patient’s life.

Attached like Velcro to bone surfaces via collagenous Sharpey’s
fibers, periosteum is prestressed in situ [33, 34]. Separation of the
Sharpey’s fibers changes the stress state of periosteum [40]. Such
changes in periosteum’s intrinsic stress change the conformation
of collagen fibrils within the tissue concomitant with changes in
the shape of periosteal cell nuclei; these changes are hypothe-
sized to regulate quiescence of the progenitor cells inhabiting
periosteal tissue, also called periosteum-derived cells (PDCs)
[41]. PDCs isolated from humans express mesenchymal stem cell
(MSC) surface markers, including CD73, CD90, and CD105, more
consistently and at significantly higher levels than seenwith bone
marrow stromal cells (BMSCs), which are MSCs from the bone
marrow niche. In such analyses, human PDCs lend themselves
to flow cytometry analysis because of the absence of surface-
marker expression in nonhuman large vertebrates such as sheep
[38]. Yet ovine studies are particularly helpful for assessing effi-
cacy of tissue genesis and healing in models of critical-sized de-
fects. In a series of ovine studies that implemented periosteum
in the presence or absence of bone graft, factors intrinsic to peri-
osteum alone were not only sufficient but also more efficient in
generating tissue thanwhenused in combinationwithbonegraft,
the current standard of care (Fig. 2A–2C) [42–46].

To replicate these intrinsic properties of native periosteum,
we developed a modular periosteum substitute membrane
designed to mimic cellular, biochemical, and barrier properties
of periosteum [44, 47, 48]. The current study aimed to quantify
tissue genesis in these periosteum substitutemembranes and, ul-
timately, toprovide translational strategies for regenerativemed-
icine and tissue engineering. The replacement periosteum was
designed to provide directional (outside→in) and spatiotemporal
delivery of biological factors, as well as barrier functions to guide
delivery to the center of the defect. Composed of U.S. Food and
Drug Administration (FDA)-approved silicone sheeting, themem-
brane is highly elastic. Inclusionof collagen, theprimary structural
protein found in the periosteum [49], mimics the membrane’s
extracellular matrix (ECM) and native cellular environment. Ad-
ditionally, autologous periosteal osteoprogenitor cells and
periosteum strips were included in the implant. The current
study was designed to quantify the relative effects of collagen
membranes, periosteal cells seeded on collagen membranes,
and periosteal strips on defect infilling in an ovine model. An
isotropic control membrane served as a control. Four unique
groups, including the control group (group 1) were tested, with
five animals per groups (Fig. 2D–2I; Table 1).

MATERIALS AND METHODS

We qualitatively and quantitatively assessed tissue regeneration
outcomes after a 16-week experimental treatment with each
of the implant combinations. High-resolution imaging and histo-
morphometry were used to determine the quantity and dis-
tribution of regenerated tissue, distinguished as cartilage or
mineralized tissue, within the defect zone and in relation to the
periosteumsubstitutemembrane.Ultimately,weaimed toassess
these data with the goals of replacing periosteal function and
translating substitute periosteum implants in the context of re-
generative medicine.

Membrane Manufacture

Techniques used to produce and implant the periosteal re-
placement are outlined briefly in the following section and
were described in more detail in a previous publication on de-
velopment and testing of the implant cum delivery device [44,
48]. The general concept was to create a modular membrane
implant with pockets, into which biological factors (isolated
autologous periosteum-derived progenitor cells and perios-
teal strips) are tucked. The implant comprises FDA-approved
silicone elastomer sheeting with outer and inner layers. The in-
ner layer is perforated to create a gradient of holes, with the
highest concentration near the center of the defect region.
An outer unperforated layer is then sewn, using suture as thread,
to the perforated layer to create a long sleeve (3.5 cm 3 10 cm)
with four 2-cm-wide pockets (Fig. 2D–2I). In this way, the peri-
osteum substitute implant exhibits a modular design for inclu-
sion of periosteal, biological, or other factors into the pockets
of the sleeve, which are arranged for factor delivery with
spatial and vectorial (controlling magnitude and direction)
control.

Preparation for Implantation

In the current study, just before surgical implantation, small
sheets comprising combinations of collagen and periosteal

Figure 1. A PubMed search for the keywords “periosteum and re-
generativemedicine”or “periosteumand tissue engineering” yielded
more than 215 articles published in the past 5 years (2010–2015),
comparedwith 109, or roughly half that number, in the 5 years before
(2005–2010) and 70 in the 5 years before that (2000–2005).
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factors were inserted into the pockets of the periosteum substi-
tutemembrane sleeve. Group 2 included the periosteum substi-
tute membrane with collagen sheets tucked into the pockets
(Fig. 2E). Group 3 included collagen sheets seeded with autolo-
gous PDCs tucked into the pockets; for this purpose, periosteum
from the femoralmid-diaphysis block, removed to create thede-
fect, was resected and incubated in collagenase per protocols
implemented previously to isolate PDCs from ovine and human
periosteum [38, 44, 50]. After filtering to remove fibrous tissue,
PDCs were seeded onto the precut collagen sheets and cultured
overnight. The collagen sheets seeded with PDCs were then
tucked into the periosteum substitute membrane’s pockets
(Fig. 2F). Finally, group 4 included autologous periosteal strips
harvested from thebone removed to create the critical-sized de-
fect, trimmed, and tucked into the periosteum substitute mem-
brane’s pockets (Fig. 2G).

Experimental Surgery and Study Design

Surgical protocol followed that of the one-stage bone-transport
procedure (Fig. 2A–2C) [27, 42]. All animal experimentation pro-
cedures were carried out in accordance with the Institutional
Animal Care and Use Committee of the Canton of Grisons,

Switzerland. Sheep from a matched cohort of similar age were
anesthetized, the intramedullary (IM) canal was reamed, a
2.54-cm defect was created at themid-diaphysis, and a stainless
steel IM nail was inserted and locked. The periosteum replace-
ment device was wrapped around the created defect site and
sutured at the lateral aspect as well as to healthy periosteum
proximal and distal to the defect (Fig. 2H, 2I). During the
16-week experimental duration, sheep were allowed to bear
load on the operated side (while supported by a sling during
the first 2 weeks after surgery) and to graze normally. Intravi-
tal fluorochromes were administrated at specific time points
after surgery, including calcein green (1 and 2 weeks after sur-
gery), xylenol orange (3 and 4 weeks after surgery), Terramycin
(yellow; Pfizer, New York, NY, http://www.pfizer.com) (8 and
12 weeks after surgery), and Procion Red (Sigma-Aldrich,
St. Louis, MO, http://www.sigmaaldrich.com) (immediately be-
fore euthanasia) as per previous protocol [42].

Histological Preparation and Sectioning

After euthanasia, the experimental bone was resected and im-
aged by using micro computed tomography (mCT) imaging. The
femur and surrounding soft tissue were fixed and embedded in
poly(methyl methacrylate) (PMMA) for undecalcified histology,
for optimal preservation of hard and soft tissue geometry. For
each femur, three serial cross-sectional samples were taken
by using a diamond wire saw (Well Precision Diamond Wire
Saw 6234, Well Precision Diamond Wire Saws Inc., Norcross,
GA, http://www.welldiamondwiresaws.com/) because the
IM nail was left in situ to preserve regenerated tissue. These
cross-sectional samples, of approximately 6.5-mm thickness,
were cut sequentially to span the entirety of the defect site.
Both proximal and distal sides of each sample were polished
by using sandpaper of increasing grit on a rotating polisherwith
a constant stream of deionized water (EcoMet 4000, Buehler,

Figure 2. Harnessing the regenerative power of periosteum using native periosteum tissue in situ and/or periosteum substitute membranes.
(A–C): The one-stage bone-transport procedure for treatment of bone defects, such as those occurring after tumor resection. (A, B): The peri-
osteum is elevated off healthy cortical bone (light pink), which is then osteotomized and transported distally over an intramedullary nail (C). The
periosteum remains attached proximally and is sutured around created defect. Adapted from [42]. (D–I):Delivery device for periosteal factors.
(D): The periosteum substitute implant comprises two layers of silicone elastomer that are sutured together to create pockets and are sand-
wiched around collagen membrane sheets (E), collagen sheets seeded with periosteal cells (F), or autologous periosteal strips (G). (H, I): The
complete implant is sutured in situ to itself and to neighboring periosteum. Adapted from [44].

Table 1. Summary of experimental groups in ovine model (n = 5 per
group)

Group Surgical membrane Collagen Periosteal factor

1 2 2 2

2 + + 2

3 + + + cells

4 + 2 + periosteal strips

+, presenceof specific factors, including the surgicalmembrane collagen
and factors intrinsic to periosteum (cells alone and periosteal strips);2,
absence of specific factors, including the surgical membrane collagen
and factors intrinsic to periosteum (cells alone and periosteal strips).
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Lake Bluff, IL, http://www.buehler.com/). Anatomical orienta-
tion (lateral, medial, proximal, distal) was carefully tracked
throughout preparation, as determined by aligning PMMA-
embedded tissue blocks with high-resolution radiographic images
(Faxitron, Tucson, AZ, http://www.faxitron.com).

To distinguish collagen, cell nuclei, and mineralized tissue, a
subset of thick sections were stained with Giemsa and eosin. This
stain dyes cell nuclei and connective tissue dark blue andmineral-
ized tissue (bone) pink. After etching with 1% formic acid, the sec-
tions were submerged in a 15% Giemsa solution for 30 minutes at
55°C, and rinsed liberally with deionized water, followed by 1min-
ute in a 1% eosin solution at room temperature. The sectionswere
then dehydrated with ethanol washes of 70%, 96%, and 100%. Fi-
nally, additional, approximately 100-mm-thick, sections were pre-
pared (unstained) for reflective and confocal imaging of the entire
cross-section at high resolution.

Optical Imaging and Analysis

High-resolution collages of Giemsa- and eosin-stained sections
were obtained by using an epifluorescentmicroscope with an au-
tomated, computerized stage (Leica DMIRE2, Leica Microsys-
tems, Wetzlar, Germany, http://www.leica-microsystems.com).
Both sides of the thick samples were imaged in reflectance with
broad-spectrumultraviolet excitation at35magnification. A cus-
tom control algorithm allowed for images to be taken in a precise
sequence to allow for direct collaging,wherein each cross-section
collage comprised approximately 300 captured views. Collaging
allowed for high-resolution visualization of tissue regeneration
on multiple length scales.

Collages were imported into image processing software
(Adobe Photoshop CS5, Adobe Systems Inc., San Jose, CA,
http://www.adobe.com), wherein regenerated tissue between
the membrane and nail were manually isolated from surround-
ing soft tissue and membrane material. The single observer was
blinded to group number, and samples were randomized to

prevent bias. Ectopic bone, although not observed in all samples
or groups, was excluded from newly regenerated tissue mea-
sures. Each cross-sectional collage was divided virtually into
eight 45° sectors, oriented along the lateral-medial line (Fig.
3A). The pink-stained mineralized tissue was thresholded from
blue-stained cartilage tissue templates, and each was saved as
a separate binarized image. Black and white images were im-
ported to ImageJ software, version 10.2 (National Institutes of
Health, Bethesda, MD, https://imagej.nih.gov/ij/), where pixel
calibrations were used to compute areameasures of total tissue
callus, mineralized tissue, and cartilage as a function of radial
section (octant location) and serial location (proximodistal).

Cross-sections revealing native bone at the distal and proximal
edges of the defect (i.e., bone that had not been regenerated
during the experiment), visible as densely organized cancellous
bone exhibiting bright pink stain, were excluded fromquantitative
analysis. The described preparations resulted in greater than 27
surfaces for all four groups. Because of the anticipated high vari-
ability of outcome measures intrinsic to in vivo experiments, an
Anderson-Darling test (MiniTab 16, MiniTab, State College, PA,
https://www.minitab.com)was carriedout and revealed significant
deviations fromnormal distribution.Nonparametric Kruskal-Wallis,
Mann-Whitney, and Spearman correlation tests were therefore
used to perform analyses, for which p values less than 0.05 were
defined as indicating a statistically significant difference.

Reflective and Fluorochrome Imaging Analysis

Imagesofunstained, 100-mm-thick sectionswereacquired inhigh
resolution by using a Nikon A1 laser confocal microscope (Nikon,
Tokyo, Japan, http://www.nikon.com/)withmotorized stage that
enabled automated tiling of image sets frommultipoint positions
for large specimen coverage. IM nails were imaged in reflection
mode, and fluorochromes were imaged by tuning for the specific
excitation and emission characteristics of the fluorochromes
administered during the study. Images were stitched together

Figure 3. Spatial distribution of tissue genesis. (A): For digital processing and analysis of high-resolution image collages, an octant was overlaid
over the entire cross-section, centered on the intramedullary nail cross-section. (B): Total tissue genesis as well as the relative amounts of min-
eralized (pink) and cartilage tissue (blue) were measured in each sector, including lateral (L1, L2), anterior (A1, A2), medial (M1, M2), and pos-
terior (P1, P2) aspects. The gray circle represents the intramedullary nail (1.5 cm diameter), and the black-outlined white areas show the
comparative control area to demonstrate normal tissue distribution. Group 4 showed a greater area of regenerated tissue in the lateral
and posterior quadrants than that observed in a normal femur.
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across the entire cross-section of the middiaphyseal defect, en-
abling visualization of characteristic regions comprising stainless
steel and periosteum substitute implants, bone tissue with time-
indicative fluorochromes, and autofluorescent fibrous tissue at
some bone-implant interfaces.

RESULTS

Quantitative measurements as well as qualitative observa-
tions ofmCT images indicated significantly greater bone regen-
eration at 16 weeks after surgery with inclusion of autologous

periosteal strips tucked into the periosteum substitute (group
4). Seeding of periosteal cells on collagen sheets that were
tucked into the periosteum substitute (group 3) resulted in sig-
nificantly greater total tissue area compared with treatment
with simple collagen sheets tucked into the periosteum substi-
tute (group 2). Inclusion of collagen sheets in the implant’s
pockets did not result in increased bone formation compared
with the isotropic control membrane, indicating that perios-
teal cells plus factors intrinsic to the periosteum are crucial
for bone regeneration processes. Ectopic bone formation
was visibly greater in groups treated with the periosteum

Figure 4. Tissue genesis within the defect occurs primarily via an endochondral ossification mechanism. (A):Mineralized bone (pink-staining)
was not observed to interdigitate with themembrane (gray-blue) but typically interfaced via a layer of cellular fibrous tissue. The fibrous tissue
was not observed to infill small-radius concavities, likely because of the hydrophobic properties of silicone. (B): Indirect, endochondral bone
formation viamineralizationof a cartilaginous template. (C):Cartilaginous remnants are apparent in remodelingbone tissue,whereosteoblastic
bone apposition is noted in several areas (arrowheads). (D): Islands of bonewere occasionally observedwithin folds of themembrane. Scale bar
for A–D = 100 mm. (E): Total tissue (mineralized and cartilage) generated reveals a significantly greater area of regenerated tissue in group 4
(periosteal strips). (F): Summary of mineralized bone and cartilage tissue per cross-section shows relative distribution of bone and cartilage
tissue for each group. Inclusion of periosteum strips (group 4) resulted in significantly greater bone formation than all other groups and
significantly greater cartilage formation than all groups except cell-seeded collagen strips (group 3). Error bars represent SEM. p, significant
at p , .05. Abbreviations: b, bone; c, cartilage; m, elastomeric membrane.
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substitutemembrane that incorporated collagen sheets alone;
in addition to ectopic bone within the muscle, bone regener-
ation in this group was often observed outside of the defect
zone and the periosteum substitute implant.

Qualitative Histology and mCT

On the basis of observation of collages from cross-sections repre-
senting all groups (Fig. 4), ossification occurred predominantly via
an endochondral mechanism, where a cartilaginous template
subsequently mineralizes into loosely organized bone. Bone for-
mation appeared similar across all treatment groups. Most bone
formation occurred between the inner membrane layer and the
intramedullary nail,with fewsites of bone formationbetween the
periosteum substitute membrane layers or external to the mem-
brane (between the outer membrane layer and surrounding soft
tissue) (Fig. 4A–4D).

Although quantitative analysis of mCT data was not possible
because of beam-hardening artifacts created by the in situ intra-
medullary nail, regenerated tissue volumes could be measured
and compared quantitatively. Tissue genesis in groups 1 and 2
appeared dependent on proximity to native bone both proximal
and distal to defect (supplemental online Fig. 1). More robust tis-
sue regeneration volumes were observed in groups 3 and 4 and
appeared evenly distributed throughout the defect space, inde-
pendent of proximity to native bone at the distal and proximal
edges of the defect.

Quantitative Measures of Histology

The Kruskal-Wallis test provides a one-way comparison of both
mineralized and cartilage tissue areas by group, showing signifi-
cant differences (p, .0003 and p = .0039, respectively) indicate
a real effect of membrane design on respective mineralized and
cartilaginous tissue generation. Total regenerated tissue (carti-
lage + mineralized) area was compared for each group by using
a two-samplenonparametricMann-Whitney test (Fig. 4E), reveal-
ing significantly greater regenerated tissue area in group 4 (peri-
osteal strips) comparedwith all other groups. Additionally, group
3 (collagen + periosteal cells) showed significantly greater regen-
erated tissue area than group 2 (collagen only), but not group 1
(isotropic membrane). Assessing tissue types, animals in group
4 produced significantly more mineralized tissue than other
groups. Theareaof cartilage in group4 is significantly greater than
that resulting from groups 1 and 2, which do not include a cellular
periosteal component, although not significantly greater than
group 3 (Fig. 4F).

Large interindividual differences were observed in measure-
ments of mineralized and cartilage tissue, both within and be-
tween groups (Fig. 5). As comparison, the approximate normal
cross-sectional area of bone at the mid-diaphysis in ovine femur
is 220 mm2, measured from sections through native bone proxi-
mal and distal to the defect site. One sheep from group 3 and two
sheep from group 4 showed a total area of mineralized tissue
greater than the cross-sectional area of normal bone.

Sector analysis data revealed both mineralized bone and car-
tilage formation orientedmainly along the anterior-posterior axis
(Fig. 3B). The Spearman correlation indicated a significant corre-
lationwith anatomical octant for bothmineralized (p, .001) and
cartilage tissue (p = .014) for group 4, although no other groups
displayed significant correlations.

Fluorochrome Assessment of Cortical Collages

The dynamics and emergent architecture of tissue genesis by
stem cells was highly dependent on the local environment de-
fined by the stiff, inner (stainless steel IM nail surface) and flexi-
ble, outer (exterior surface of silicone implant) boundaries aswell
as the presence of trophic factors intrinsic to experimental
groups. Interestingly, the stress state of the silicon implant
appeared to affect the resistance properties of the inner and out-
er envelopes for tissue genesis, where taut boundaries (Fig. 6)
showed smaller volume of proliferative tissue genesis than slack
elastomer regions with ample folds (Fig. 6). Greater bone miner-
alization was shown in groups 3 and 4, which supported mCT ob-
servations. Interestingly, ectopic bone formationwas observed in
group 2 (implant + collagen), with bone formation external to the
implant boundary and within muscle.

DISCUSSION

An abundance of clinical studies provide empirical evidence for
periosteum’s regenerative power when applied in diverse surgi-
cal procedures. The current study quantitatively and qualitatively
demonstrates the potentiation of the periosteum’s regenerative
capacity through the progenitor cells that inhabit the tissue, bio-
logical factors intrinsic to the ECM of periosteum, and mechano-
biological factors related to implant design and implementation.
The novel periosteum substitute membrane was tested to

Figure 5. Individual regenerated area per cross-section by group.
Separate colors within a group represent individual sheep, with
5 sheep per group (total, 20). Black bars show mean of all cross-
sections from group. Dotted line indicates bone area of baseline
control bone cross-section, removed to create the defect. Error bars
represent 95% confidence interval of mean. Abbreviations: C, carti-
lage tissue; M, mineralized.
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replicate the barrier, extracellular, and cellular properties of na-
tive periosteum. In contrast to the direct intramembranous bone
generated in defects surrounded bypatent periosteum in situ, tis-
sue generation in bone defects bounded by the periosteum sub-
stitute implant occurred primarily via endochondral mechanisms
where cartilage was first generated and then converted to bone.
In addition, in defects treatedwith the periosteum substitute, tis-
sue generation was highest along the anteroposterior axis of the
defect cross-section, corresponding to the major centroidal axis,
which is most resistant to prevailing bending loads. Finally, most
mineralized tissue persisting 16 weeks after surgery was located
within the defect, between the inner surface of the periosteum
substitute and the outer surface of the IM nail, which filled the
medullary cavity. Taken together, thesedata indicate thepossibil-
ity of designing modular periosteum substitute implants that can
be used for diverse surgical scenarios targeting different tissue
types and regenerative medicine approaches.

Incorporation of periosteal cells and periosteal strips in
conjunction with a novel periosteal replacement membrane
designed to replicate the barrier, extracellular, and cellular prop-
erties of native periosteum improved tissue generation in the
ovine critical-sized defect model. Specifically, the inclusion of
periosteal strips harvested from the denuded bone segment
resulted inmaximal bony bridging comparedwithmembranes in-
corporating periosteal cells seeded on collagen, collagen alone,

and an isotropic control membrane. Measured in cross-section,
treatment with membrane incorporating periosteal strips
resulted, on average, in approximately 125 mm2 of mineralized
bone regenerated area compared with a mean mineralized area
of 220 mm2 in normal ovine femur cross-sections. These data in-
dicate the beneficial role of replacing cellular and extracellular
functions of periosteal tissue at the defect site. Given unlimited
resources, additional groups, including a collagen membrane
group with periosteal strips (as well as a periosteal strip group
with PDCs seeded on the inner surfaces), would have fully
addressed all permutations of the variables studied. The results
of the current study point toward a perhaps underappreciated
role of ECM intrinsic factors in the regenerative capacity of the
periosteum and have provided inspiration for current and
follow-on studies.

Compared with previous experiments using the one-stage
bone transport procedure, in which all treated defects (n = 7 per
group) were bridged, the use of excised periosteal strips resulted
in an overall less robust healing outcome, with 3 of 5 treated de-
fects demonstrating marked healing [42]. The full excision neces-
sary to remove periosteum for transplant severs the nervous,
vascular, and lymphatic connections. Although periosteum does
grow back in denuded areas with time [51], loss of a patent blood
supply in excised periosteum may explain its diminished regener-
ative capacity compared with intact tissue [52, 53]. Inclusion of

Figure 6. Representative cross-section (collage of high-resolution laser scanning fluorescence images) from each group, showing relationship
between tissue genesis and bounding surfaces. Shown is the stainless steel intramedullary nail in the center and silicone elastomer membrane
bounding the defect, with tissue genesis within and outsidemembrane surfaces but not between folds. Fluorescence shows tissue genesis over
time, with green indicating tissue generated between 1 and 2 weeks after surgery; orange, 3 and 4 weeks; yellow, 8 and 12 weeks; and red,
perfusion (immediately before euthanasia). Elastomer membrane is visible in gray and sutures as discrete blue circles (orthogonal to plane of
image) and lines (in plane) in zoomed-in insets. Scale bar = 0.5 cm.
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periosteal strips in the modular implant resulted in signifi-
cantly better outcomes than did inclusion of collagen mem-
branes seeded with progenitor cells; factors intrinsic to the
periosteum may account for the significantly improved regen-
erative capacity of periosteal transplants over progenitor cells
seeded on collagen.

Qualitative histology indicates that bone and cartilage forms
in the space between the membrane and stabilizing intramedullary
nail via apredominantendochondralmechanism,which is typical for
periosteally mediated bone regeneration reported in the literature
[54–56], but this finding contrasts with previous observations of
intramembranous bone formation in defects bounded by patent
periosteum [42]. In the absence of the endosteum and medullary
vascular supply, which is filled by the IM nail in the currently used
critical-sized defect model, the periosteum substitute implant de-
livered the periosteal cells and biological factors intrinsic to the
periosteal strips, effectivelydelivering factorswith regenerativeca-
pacity in a vectorialmanner (i.e., controlling thedirection andmag-
nitude of delivery).

Seeding of periosteally isolated cells on collagen sheets
resulted in an increased total tissue regenerated volume over
the control group, with a robust healing outcome in one defect.
Comparison of mean mineralized and cartilage tissue areas
revealed no significant differences between groups seeded colla-
gen membranes and collagen membranes alone. In the future it
would be interesting to study theeffect of not only collagenper se
but also collagen bioavailability on its osteogenic potential. The
collagen membrane used in the current study comprised Bio-
Mend adsorbable collagen membranes for guided tissue repair
of the dental gingiva, developed from bovine Achilles tendon
by Integra LifeSciences Holding Corp. (Plainsboro Township, NJ,
http://www.integralife.com/) [57], which serve as occlusive or
bounding membranes during reconstructive surgeries. Side-by-
side comparison of six such commercially available occlusive
membranes (Bio-Gide, Geistlich Biomaterials, Wolhusen, Swit-
zerland, http://www.geistlich-na.com; GORE-TEX, W.L. Gore
and Associates, Newark, DE, http://www.gore.com; GENTA-
FOIL resorb, Advanced Medical Solutions Group, Winsford,
UK, http://www.admedsol.com/; RESODONT, Advanced Medi-
cal Solutions Group; BioMend, Zimmer Biomet, Warsaw, IN,
http://www.zimmerbiomet.com/; and BioMend Extend Mem-
branes, Zimmer Biomet) showed significant differences in
attachment, proliferation, and osteogenic differentiation of
MSCs on the different membranes; the researchers concluded
that Bio-Gide and RESODONT membranes are most conducive
to bone regeneration in an in vitro setting [58, 59]. Similarly, a
different in vitro study conducting a side-by-side comparison
of eight commercially available guided bone generation mem-
branes showed significant differences in migration rates of
mouse osteoprogenitor cells depending on i.a. membrane com-
position, surface topography, and spatial structure (including
porosity and fibrillar architecture), as well as wettability [59].
While the authors of this study conjecture that collagen contain-
ingmembranesmay be used clinically to promote “formation of
a thin osteoblastic cell layer to eventually enhance bone regen-
eration,” side-by-side comparison of bone regeneration in vivo
would be needed to prove this [59]. In addition, recent in vitro
studies indicated a positive effect of incorporating collagen type
I in hydrogels designed to guide stem cell differentiation toward
osteogenesis [60]. Such wide variances in in vitro results using
different formulations of collagen of varying bioavailability

underscore the need for controlled in vivo comparative models
using a common critical-sized bone defect model as well as the
side-by-side comparison of periosteum substitutes incorporat-
ing endogenous ECM structural proteins.

Although the one successfully bridged defect with isolated
cells reveals the potential of cell-based treatments, further de-
velopment of isolation and seeding methods may be needed.
Studies of PDCs isolated from humans using identical protocols
have demonstrated their effective equivalence to BMSCs [38];
because of a paucity of cell surface markers for ovine cells, it
is not currently possible to validate this finding in the ovine
model, which has distinct advantages for study of tissue genesis
and healing in critical-sized defects, such as the current study.
In addition, isolation and preservation as well as banking proto-
cols will need to be developed and tested for the method to be
translated to human patients. For example, enzymatic digestion
with collagenase may result in cell loss or damage compared
with egression methods of cell isolation [38, 50]; isolation
methods themselves may also influence the subpopulation
of cells acquired because enzymatically released cells show sig-
nificant differences in surface markers compared with those
egressing from human periosteum [50]. In addition, intersub-
ject variability may affect outcomes because recent studies in
humans indicate high interindividual variability in differentia-
tion capacity of periosteum-derived cells from aged, osteoar-
thritic donors [38]. In addition, follow-on studies will address
the role of cell density and specific factors, such as vascular en-
dothelial growth factor and bonemorphogenetic protein (BMP)
on cell egression, proliferation, and differentiation, as well as
extracellular matrix formation.

Across all specimens from groups not delivering periosteal
factors (groups 1 and 2), tissue regeneration near the border of
the defect site proximally and distally indicates cellular ingression
from healthy tissues, consistent with other large animal, critical-
sized defect model stabilized with IM nails [61]. In these two
groups, it is likely that factors responsible for robust bridging mi-
grate inward from the distal and proximal edges of the defect.
However, in groups delivering periosteal factors (groups 3 and
4), tissue also emanates radially from the outside inward, in-
dicating cellular ingression inward from the flow-directing re-
placement periosteal membrane. Recent experiments with
perforated barrier membranes used for guided bone regener-
ation may offer distinct advantages over total cell-occlusive
materials [62], and studies have elucidated the stimuli respon-
sive (so-called smart), directionally dependent inherent per-
meability of periosteal tissue [32]. Without inclusion of cells
or periosteal strips, de novo tissue regeneration is sparse and is
characterized by proportions of mineralized tissue and cartilage
similar to those observed with delivery of periosteal factors.
Taken together, the periosteum substitute membrane demon-
strates the capacity to control the magnitude and direction of
periosteal factor delivery in a spatiotemporal fashion. Although
experimental groups studied in the context of the current study
demonstrate the range of outcomes that can be achieved, further
tuning of implant parameters will help to determine optimal de-
livery conditions, including factor type (biochemical or cellular)
concentration with respect to density, spatial patterning (guiding
gradients), and release kinetics [44, 63]. Furthermore, the intra-
medullary nail could be coatedwith factors to achieve concentra-
tion gradients (inside → outside) in a direction opposite to that
formed by the periosteum substitute (outside→ inside) [47, 48].
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The lack of increased tissue formation with inclusion of colla-
gen sheets alone in implant pockets presented an unexpected re-
sult. We expected collagen membranes alone to promote bone
generation within the implant because collagen is the predomi-
nant structural protein in the periosteum’s extracellular matrix
[41, 49, 64] and promotes adhesion of osteoprogenitor cells
[65]. Interestingly, ectopic bone formation within the muscle
compartment (i.e., external to the outer boundary of the implant)
was observed in defects treated withmembrane implant and col-
lagen (group 2). Follow-on studies will be necessary to determine
whether thecollagenmembraneper seadsorbsor sequesters fac-
tors conducive to ectopic bone formation far from, and external
to, the implant (e.g., ectopic bone formation in muscle via BMP-
mediated pathways [66] or “muscle-resident mesenchymal pro-
genitor cells, which may be derived from vascular endothelial
cells” [67]). MSC homing is highly dependent on local gradients,
and creation of targeted tissue genesis compartments through
the implant’s modular design is an avenue that merits further
study.

The current study results using the BioMend absorbable col-
lagen corroborated studies that used similar collagenous mem-
branes for guided bone regeneration, which showed improved
osteogenesis over biologically inert polymer membranes [32,
68]. Biomaterials designed for guided bone regeneration aim to
promote bone augmentation by a barrier membrane. These ma-
terials follow the principle that, under given conditions, cells orig-
inating from tissues adjacent to an exclusively provided space can
form their parent tissue [68–71].

In addition to biological considerations, the micromechanical
environment plays an important role in directing regeneration
outcomes [72–76]. The mechanobiological analyses revealed a
strong dependence of tissue distribution onmajor andminor cen-
troidal axes in group 4, with primary sites for healing in anterior
and posterior locations, along the axis predominantly exposed to
bending. The micromechanical strain environment in the defect
site may play a large role in directing the observed cellular re-
sponse, as observed in the previous study, in which the defect
was bounded by patent periosteum in situ and a similar outcome
was observed [42]. A recent study correlated net changes in the
periosteal strain environment to increased early bone formation
within a defect surrounded by periosteum using the one-stage
procedure [40]. In addition, the effects of mechanical prestress
on periosteum’s stem cell niche have recently been characterized
quantitatively (specifically, nuclear shapeandextracellularmatrix
architecture). The release of ovine periosteal in situ prestress sig-
nificantly increased the density of PDCs exhibiting rounded nuclei
(within the cambium layer by threefold), and increased degree of
collagen crimp (within the fibrous layer by twofold) [41]. Finally,
predictive computational models, based on the previous and cur-
rent study data from the series of ovine studies implementing the
one-stage bone transport procedure, probe parametrically which
factors exert dominant influence on de novo tissue generation
within the defect [63].

Theaforementionedapproachesaimtoelucidateendochondral
or intramembranous mechanisms of ossification, with the ultimate
goal to improve membrane design, material, and application tech-
niques, as well as helping to guide physical therapy recommenda-
tions for patients receiving the implant, all of which are crucial for
clinical translation. Given the promiseof using autologous or poten-
tially allogenic periosteal strips or periosteum-derived cells to
enhance tissue generation, more studies are needed to elucidate

the regenerative capacity of these factors. This study elucidates
the behavior of stem cells in the context of their environment, ulti-
matelypaving theway tounderstandand then to control tissuegen-
esis at multiple length and time scales. Understanding mechanisms
underlying nature’s emergent properties is a first step in applying
nature’s principles to the engineering of smart, advancedmaterials,
including tissues. Finally,multimodal, high-resolution imagingof an-
atomical cross-sections at cellular scale resolution enables not only
insituassessmentof tissuegenesisbystemcellsbutalsoassessment
of interactions of cells with absorbable and nonabsorbable mate-
rials commonlyused in reconstructivesurgery [57].Cutting-edge im-
agingmodalitieswill enableseamless imagingof theperiosteumand
its cellular inhabitants, from the organ to subcellular length scale,
enablingobservationofPDCs in theirnativemilieuand in interaction
with novel functional materials of the future [77–78].

CONCLUSION

In sum, the artificial periosteum provides a promising vehicle for
directional delivery of factors native to theperiosteum for healing
of tissue defects. Surgical use of the membrane could speed pa-
tient recovery and reduce complications as well as costs associ-
ated with current treatments. Future studies aiming to unravel
specific extracellular matrix proteins conducive to tissue genesis
and healing and expanding the intrinsic regenerative capacity of
PDCswill further expand the translational potential of the perios-
teum and associated periosteum substitutes.
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